Introduction {#S0001}
============

Breast augmentation is a surgical procedure in which silicone implants have been used for more than 50 years instead of previous used materials \[[@CIT0001]\]. There are many indications for this procedure, including reconstruction after mastectomy, correction of congenital disorders and cosmetic procedures, performed to improve self-acceptance of the body \[[@CIT0002]\].

Complications of breast augmentation consist of local and systemic side effects. In the literature, there are case reports about the occurrence of systemic connective tissue diseases after implant insertion, but such severe side effects are uncommon \[[@CIT0003]\]. Moreover, meta-analyses of occurrence of severe systemic complications caused by presence of silicone implants in the human body have not confirmed or refuted the procedure\'s safety \[[@CIT0004], [@CIT0005]\].

Local side effects are more common than systemic ones, and the most frequent one is capsule formation. The largest cell population detected in the fibrous capsule comprises macrophages and fibroblasts, and they form around the implant a frontier layer. Beneath this layer, activated CD4+ lymphocytes were found, but B cells were not detected, which means that silicone induces an immune system response via T cells. Also involved in capsule formation are heat shock protein 60 expression and the appearance of extracellular matrix proteins and adhesion molecules \[[@CIT0006]\].

On the other hand, it is worth noting that fibrosis is a physiological, local inflammatory tissue reaction to a foreign body, and there is no possibility to avoid it. During the years of development and improvement of the surgical technique by the use of various materials and a change of implant placement, there has not been found a perfect surgical protocol that completely eliminates side effects.

Sonoelastography is an examination in which the stiffness of the tissue is described by elastic moduli. There are two types of elastographic examination: conventional and shear wave elastography. In the first one, compression of the tissue is required, and the result of the examination is the color-coded map of tissue elasticity. In the shear wave method, tissue compression is replaced by mechanical vibration produced by an ultrasonic probe \[[@CIT0007], [@CIT0008]\].

The aim of our study was to assess the usefulness of sonoelastography in the evaluation of capsule formation after breast augmentation.

Material and methods {#S0002}
====================

The study group included 13 healthy patients aged 20 to 41 (mean age: 32.8 ±3.8) years, inhabitants of Poznan region with body mass index (BMI) 21.6 ±1.3 kg/m^2^. Patients were recruited from a population of 200 consecutively performed breast augmentations by one coauthor. The calculation of the representative probe was planned to achieve statistical significance of *p* \< 0.05. Patients enrolled in the study were volunteers who before routine plastic surgery agreed to attend additional examinations without changing the medical treatment. The exclusion criteria were besides exclusion for surgery: changes in hormonal treatment or contraceptives at least 6 months before, planned change in this treatment in the next 12 months, modification of physical activity 3 months before surgery, pregnancy, C-reactive protein above 5 mg/dl, chronic hepatic, renal, nervous, cardiac disease. They underwent breast augmentation surgery with silicone-filled texturized implants (Allergan, USA). The procedure was performed by a senior plastic surgeon between September 2010 and March 2011. The dual-plane surgical technique was used, as described previously \[[@CIT0009], [@CIT0010]\].

All 26 breasts were assessed carefully before surgery (first examination) and at the control visits. The second visit was 7 days after the intervention, the third one 14 days after, and the last one (fourth examination) about 1 year after the intervention. The time of follow-up ranged from 8.5 to 21 months; the mean was 14.4 months. The examination by tonometry and palpation performed by the surgeon was blinded for ultrasonographic and elastographic evaluation performed by the sonographer (and vice versa).

The visit included palpation and imaging techniques check-up -- ultrasound examination and real-time shear wave sonoelastography (Aixplorer, France). This method involves measurement of the tissue stiffness (Young\'s moduli) presented as a color-coded image in tissue layers: glandular, fatty, muscular and pericapsular. The measurements included the examination of the four quadrants. In the inner and upper ones it was possible to determine the value of the fat, glandular, muscle tissue and fascia elasticity. In the lower and outer quadrants only the value of the fat and glandular tissue was assessed. Additionally we measured minimum and maximum thickness (mm) of the capsule using the harmonic imaging option (HI) in each quadrant at the fourth visit.

The breast stiffness was also determined by applanation tonometry, and the value of the intramammary pressure was calculated from the formula *P = F/A*, where *F* is the force applied to the organ and *A* is the contact area of the disc, which weighed 213 g and had a diameter of 20.3 cm \[[@CIT0009], [@CIT0010]\].

After surgery, the outcome and the capsular contracture were established by a physician\'s examination and evaluated using a modified Baker scale (1; 1.5; 2; 2.5; 3; 4) \[[@CIT0011]\].

Statistical analysis {#S20003}
--------------------

All data were collected and then analyzed using the program Sigma Plot version 11.0. Spearman\'s test was used to evaluate correlations. One-way repeated measures ANOVA and the Holm-Sidak test were used to evaluate changes in parameters during follow-up. A *p* value \< 0.05 was assumed significant. The study was approved by the local bioethics committee.

Results {#S0004}
=======

We evaluated the correlation between capsular elasticity measured at successive visits and the Baker scale. The Spearman test was used and the results are shown in [Table I](#T0001){ref-type="table"}. There were no significant relationships between any pairs of variables (*p* \> 0.05), but a borderline correlation was noted between inner quadrants' pericapsular elasticity and Baker score.

###### 

Correlation between capsular elasticity and Baker scale

  Area              Correlation of capsular elasticity, measured at second visit[\*](#TF0001){ref-type="table-fn"}, with Baker scale   Correlation of capsular elasticity, measured at third visit[\*\*](#TF0002){ref-type="table-fn"}, with Baker scale   Correlation of capsular elasticity, measured at fourth visit[\*\*\*](#TF0003){ref-type="table-fn"}, with Baker scale
  ----------------- ------------------------------------------------------------------------------------------------------------------ ------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------
  Upper quadrants   *R* = 0.089; *p* = 0.66                                                                                            *R* = 0.02; *p* = 0.94                                                                                              *R* = --0.18; *p* = 0.37
  Outer quadrants   *R* = --0.21; *p* = 0.30                                                                                           *R* = 0.22; *p* = 0.28                                                                                              *R* = --0.34; *p* = 0.086
  Lower quadrants   *R* = 0.063; *p* = 0.76                                                                                            *R* = 0.12; *p* = 0.55                                                                                              *R* = 0.065; *p* = 0.75
  Inner quadrants   *R* = --0.1; *p* = 0.62                                                                                            *R* = 0.31; *p* = 0.12                                                                                              *R* = 0.38; *p* = 0.058

Second visit means after surgery

third visit 14 days after surgery

fourth visit means the end of follow-up.

We also analyzed the correlation between time of follow-up specified in months and changes in tissue elasticity in every region. The Pearson correlation test was performed. Change in tissue elasticity was defined as the difference between measurements at the second and fourth visit. No significant correlation was found. Results are shown in [Table II](#T0002){ref-type="table"}.

###### 

Correlation between change in tissue elasticity and time of follow-up

  Tissue         Correlation between change[\*](#TF0004){ref-type="table-fn"} in tissue elasticity and follow-up[\*\*](#TF0005){ref-type="table-fn"} in upper quadrants   Correlation between change[\*](#TF0004){ref-type="table-fn"} in tissue elasticity and follow-up[\*\*](#TF0005){ref-type="table-fn"} in outer quadrants   Correlation between change[\*](#TF0004){ref-type="table-fn"} in tissue elasticity and follow-up[\*\*](#TF0005){ref-type="table-fn"} in lower quadrants   Correlation between change[\*](#TF0004){ref-type="table-fn"} in tissue elasticity and follow-up[\*\*](#TF0005){ref-type="table-fn"} in inner quadrants
  -------------- -------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------
  Glandular      *R* = --0.21; *p* = 0.31                                                                                                                                 *R* = 0.06; *p* = 0.75                                                                                                                                   *R* = 0.27; *p* = 0.19                                                                                                                                   *R* = --0.25; *p* = 0.23
  Fatty          *R* = --0.15; *p* = 0.46                                                                                                                                 *R* = --0.06; *p* = 0.77                                                                                                                                 *R* = --0.28; *p* = 0.17                                                                                                                                 *R* = --0.12; *p* = 0.56
  Fascia         *R* = --0.1; *p* = 0.64                                                                                                                                  --                                                                                                                                                       --                                                                                                                                                       *R* = --0.23; *p* = 0.26
  Muscular       *R* = 0.07; *p* = 0.76                                                                                                                                   --                                                                                                                                                       --                                                                                                                                                       *R* = --0.17; *p* = 0.42
  Pericapsular   *R* = 0.01; *p* = 0.97                                                                                                                                   *R* = 0.07; *p* = 0.73                                                                                                                                   *R* = 0.02; *p* = 0.93                                                                                                                                   *R* = --0.18; *p* = 0.38

Change in tissue elasticity was defined as the difference between measurements at second and fourth visit

follow-up was specified as the observation time in months.

The capsular elasticity was measured during each visit; we analyzed it and compared the results using one-way repeated measures ANOVA. Means with standard deviations are presented in [Table III](#T0003){ref-type="table"}. In all quadrants there was a significant difference (*p* \< 0.05) among groups. We also performed the Holm-Sidak test to identify differences between measurements. Results are shown in [Table III](#T0003){ref-type="table"}. What is important, in all quadrants there was a significant difference (*p* \< 0.05) in capsular elasticity between the measurements at the second and fourth visit. The greatest decrease in pericapsular elasticity was in lower and inner quadrants.

###### 

Means of capsular elasticity

  Visit              Mean of capsular elasticity in upper quadrants   Mean of capsular elasticity in outer quadrants   Mean of capsular elasticity in lower quadrants   Mean of capsular elasticity in inner quadrants
  ------------------ ------------------------------------------------ ------------------------------------------------ ------------------------------------------------ ------------------------------------------------
  II                 19.6 ±4.52                                       24.73 ±7.77                                      22.72 ±6.64                                      25.02 ±7.4
  III                18.55 ±6.22                                      21.61 ±6.07                                      23.59 ±7.53                                      23.93 ±5.7
  IV                 14.95 ±5.18                                      19.53 ±4.5                                       15.69 ±4.45                                      18.02 ±3.98
  Holm-Sidak test:                                                                                                                                                      
  II vs. III         *t* = 3.591; *p* \< 0.001                        *t* = 2.061; *p* = 0.045                         *t* = 0.588; *p* = 0.559                         *t* = 0.787; *p* = 0.435
  III vs. IV         *t* = 2.784; *p* = 0.008                         *t* = 1.376; *p* = 0.175                         *t* = 5.395; *p* \< 0.001                        *t* = 4.289; *p* \< 0.001
  II vs. IV          *t* = 0.807; *p* = 0.423                         *t* = 3.437; *p* = 0.001                         *t* = 4.807; *p* \< 0.001                        *t* = 5.076; *p* \< 0.001

The results in [Table IV](#T0004){ref-type="table"} suggest that quick expansion of tissues after implant insertion caused the increase in tissue elasticity. The return to values similar to preoperative after follow-up indicates possible adaptation of the tissues.

###### 

Analysis of different tissues before surgery and at second and fourth visit

  Analyzed pairs of measurements   Glandular tissue   Fatty tissue   Muscular tissue   Fascia
  -------------------------------- ------------------ -------------- ----------------- -------------
  I vs. II                         *p* \< 0.002       *p* \< 0.001   *p* = 0.001       *p* = 0.003
  I vs. IV                         *p* = 0.618        *p* = 0.935    *p* = 0.155       *p* = 0.517

Because we did not observe more advanced capsule formation (Baker grades 3 and 4), direct detection analysis was not possible and should be planned for longer follow-up. Thus we analyzed the correlations between pericapsular stiffness and ultrasound thickness of the capsule. The results are presented in [Table V](#T0005){ref-type="table"}. Tonometry did not correlate either with pericapsular stiffness or with the thickness of the capsule measured with ultrasonography.

###### 

Correlations between elastographic stiffness and ultrasound evaluation of the capsule

  Capsule elasticity   Minimum capsule thickness (harmonic imaging)   Maximum capsule thickness (harmonic imaging)
  -------------------- ---------------------------------------------- ----------------------------------------------
  In upper quadrants   *Rs* = 0.10; *p* = 0.62                        *Rs* = 0.17; *p* = 0.39
  In outer quadrants   *Rs* = 0.15; *p* = 0.47                        *Rs* = 0.20, *p* = 0.33
  In lower quadrants   *Rs* = 0.10; *p* = 0.60                        *Rs* = 0.13; *p* = 0.51
  In inner quadrants   *Rs* = 0.37; *p* = 0.07                        *Rs* = 0.20; *p* = 0.30

Discussion {#S0005}
==========

Capsule formation is the most common complication that occurs in the place of the connections between the tissue and silicone implants \[[@CIT0012]\]. The incidence of this side effect ranges from 0.5% to 30% depending on the research \[[@CIT0013], [@CIT0014]\]. In our study, we did not observe this side effect (the highest value of the Baker score was 2.5), but it may require a larger study group or longer follow-up.

In different studies the occurrence of pericapsular fibrosis was variable due to different factors such as the type of implant, implant duration or implant position. Peters *et al*. suggested in their study that submuscular implant insertion, in comparison to subglandular position, significantly reduces the risk of capsule formation \[[@CIT0015]\]. Studies have also shown that textured silicone implants reduce the frequency of capsular contracture \[[@CIT0016], [@CIT0017]\]. In our study the risk of capsule formation was reduced by using the same type of implants (texturized) and surgical procedure (submuscular) in all patients.

The Baker scale was created to evaluate capsular contraction, but this classification could be somewhat subjective. In the Baker scale capsule formation gives a result of 3 or 4 \[[@CIT0018]\]. In our study the highest score was 2.5, and it was determined in two breasts, in two different patients. The evaluation of the second breast of these patients was correct, and the result on the Baker scale was lower. The subjective assessment is a reason why other methods of evaluation were introduced to enable objectification of the examination, especially imaging techniques, such as ultrasound examination, computed tomography (CT) and magnetic resonance imaging (MRI) \[[@CIT0019]\].

Sonoelastography is a non-invasive examination which may be used in the assessment of capsule formation. It is important to note that this method give us a possibility to examine all tissue elasticity separately, which is impossible in palpation and the Baker score evaluation. On the other hand, the results of the research showed that there is no correlation between the elastographic measurement at the second and third visit (postoperatively) and the Baker score. Prantl *et al*. observed a high correlation between these evaluations \[[@CIT0020]\]. Differences in the results might be caused by a more variable group in the Prantl study (in our study, the score on the Baker scale was not higher than 2.5) or insufficiently large groups: in Prantl\'s study the research group included 11 patients, in ours 13 patients. Our results and those of Prantl are the first results so far in evaluation of capsule formation by the new method. In other applications sonoelastography was proved to be reproducible and useful in breast tumor detection \[[@CIT0021], [@CIT0022]\].

What is more, we found a decrease in capsular elasticity in four quadrants, which may suggest a decrease of the inflammation around the implants, adaptation and remodeling of the tissue. The study also revealed a significant difference in all tissue elasticity if we compare the results before and 1 week after the surgery. The value of tissue elasticity at the end of the follow-up had become similar to the one from the examination before insertion of implants (*p* \> 0.05). This result led us to hypothesize about tissue adaptation, but this aspect requires further evaluation.

Moreover, there was no correlation between change in tissue elasticity, defined as the difference between measurements at the second and fourth visit, and time of follow-up. This result led to the hypothesis that after a few months there are no significant adaptive changes in tissue that has been damaged by mechanical stimuli.

The research we have presented is a pilot study and it needs to be confirmed in the future in a larger group of patients. There are several limitations of this study. The patients were volunteers from a population of breast augmentation surgery patients, and we cannot exclude we cannot exclude some environmental, hormonal or physical activity confounding factors in our population. Capsule formation starts after surgery, but could occur in a longer time (years), and we cannot exclude long-lasting complications. Thus we plan to observe patients up to 10 years, but the pioneer results from a shorter follow-up could lead other researchers to design more studies. As we did not observe more advanced capsule formation, the evaluation of sonoelastography as a detection tool compared to gold standard ultrasound was not possible. However, we previously described the power of detecting capsule formation in advanced cases \[[@CIT0010]\]. That is why we estimated no correlations between these methods, which represent two different physical features of tissues: stiffness and ultrasonic rebound to measure its thickness. We can only speculate that further research concerning the stiffness to thickness ratio could tell us more about the tissue physical density and probably capsular severity in the future.

In conclusion, capsular elasticity measured by sonoelastography decreases over the follow-up period. Other breast tissues increase their stiffness measured by sonoelastography before and shortly after surgery, but their elasticity returns to primary values over the follow-up period. We did not prove a correlation between Baker score and elasticity measured by sonoelastography in this pilot study.
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